We report a formation of sharp, solitonlike structures in an experimentally accessible ultracold Fermi gas, as a quantum carpet solution is analyzed in a many body system. The effect is perfectly coherent in a noninteracting gas, but in the presence of repulsive interaction in a two-component system, the structures vanish at a finite time. The coherence is however revived in a strong interaction regime, with the onset of ferromagnetic phase transition, and with a double quantum carpet appearing.
Introduction In 1836 Henry Fox Talbot, the father of photography, reported an unexpected result -a diffraction grating he was observing through a magnifying lens was reappearing repeatedly in focus as he was moving away [1] . This phenomenon, now dubbed the Talbot effect, was later explained by Lord Rayleigh in 1881 by means of Fresnel integrals describing near-field diffraction [2] . It was forgotten for a long time, but nowadays its optical applications proved to be a dynamically developing branch of physics, involving numerous realizations [3, 4] .
The Talbot effect is a consequence of an interference of highly coherent waves and it is not surprising that there exists its quantum counterpart. Quantum revivals [5] , quantum fractals [6, 7] , quantum echoes [8] , quantum Talbot effect [9] and quantum scars [10, 11] are all closely connected manifestations of the time evolution of wave packets [12] .
In this Letter, we focus on esthetically appealing quantum carpets -spatiotemporal representations of a probability density of a quantum particle in a box. Firstly observed by Kinzel [13] and then named and heavily studied by Schleich and coworkers [14] [15] [16] [17] [18] , they stand out due to characteristic structures, called canals and ridges (see Fig. 1(left) ). These patterns do not follow classical trajectories and origin only from interference terms. They have been studied from various perspectives, including Wigner representation [16, 19] , degeneracy in intermode traces [14-16, 19, 20] , travelling wave decomposition [21] , and fractional revivals [22] , emphasizing their deep links to number theory [18] , quantum computing [23, 24] , decoherence effects [25] , and factorization of numbers through Gauss sums [26] [27] [28] .
Up to date, the experimental realizations of selfreviving systems by means of spatial Talbot interferometry are numerous -they span from atoms [29] [30] [31] and molecules [32, 33] , through electrons [34, 35] and light [36] to Bose-Einstein condensates [37] . Its temporal counterpart, closer to the quantum carpet situation, has also been investigated -examples include ultracold bosonic gases [38, 39] , Rydberg states [40] , and nuclear wave packets [41] .
However, quantum carpets were discussed almost exclusively in bosonic systems -whether it was light or a Bose-Einstein condensate [42, 43] . The interest in manybody fermionic systems was scarce [44] , mostly due to the difficulty of considering highly correlated particles. Nonetheless, we show that even in the limit of ideal gas of polarized fermions in an infinite well some interesting phenomena arise.
We show that degenerate Fermi gas that is initially trapped in a box and then released into a bigger one exhibits solitonlike structures, that move analogously to canals and ridges from the one-particle problem (see Fig. 1(b) ). These structures are characterized by a constant relative depth in density as a number of atoms grows, effectively making them more pronounced in larger systems. This feature is however absent when different initial trapping potentials (e.g. harmonic one) are considered. Moreover, we show that this phenomenon is not destroyed by temperature, and should be available in a gas of distinguishable particles. Despite the fact that our starting point is a one-dimensional gas, threedimensional scenario is also explored, revealing access to experimentally achievable regimes.
As a next step of our considerations, we investigate two-component repulsive Fermi gas that interact via swave collisions [45] [46] [47] [48] [49] . If both components are initially trapped in different parts of the box and then released, solitonlike structures are present in both species separately. However, due to the repulsive interspecies interaction, they start to diminish in time -the faster, the stronger the repulsion is -until they ultimately vanish. Nonetheless, for some critical value of s-wave scattering length, gas enters a ferromagnetic phase with a creation of a domain structure [50] [51] [52] [53] and with a double quantum carpet appearing.
Ideal Fermi gas We start our considerations with an ideal polarized Fermi gas. We assume that at the beginning of the evolution, the many-body wave function of N indistinguishable fermionic atoms is given by the single Slater determinant: to evolve freely in a box trap with the length of L. Eigenfunctions of such a box potential are standing waves:
. . , where θ(x) is a Heaviside step function and eigenenergies read E k = k 2 π 2 2 /2mL 2 . Let us introduce overlaps between initial orbitals and box trap eigenfunctions, λ(n, k) ≡ (ϕ k , φ n ). We consider noninteracting gas, so there is no mixing between different orbitals as they undergo a unitary evolution, φ n (x, t) = ∞ k=1 λ(n, k)ϕ k (x) exp (−iE k t/ ). We can write down the time evolution of the orbitals squared, separating contributions moving with different velocities:
where v 0 = π /2mL is the characteristic velocity of the box that is connected to time of the system's revival
As we can see, we can fully describe such a system in terms of travelling contributions that move with the velocities that are multiples of v 0 . p ∈ Z \ {0} will denote each of these terms.
The first term in Eq. 1 is independent of time and constitutes a background for a time evolution. Therefore, a formula for p-th contribution in the system of N fermions reads:
We note that for each orbital, p-th contribution is peaked at x 0 = pv 0 t for a right-moving one (p > 0) and at x 0 = L + pv 0 t for a left-moving one (p < 0). Such a behavior manifests itself as canals and ridges in the one particle problem and can be explained by the interference terms in the Wigner representation. Therefore, we evaluate these contributions at appropriate peaks and introduce relative depth of each one:
where n = N/L is the average density of the fermionic cloud.
Following the calculation featured in Supplemental Materials, we can write the whole p-th relative depth as
where F c {n(x, 0)} is a cosine Fourier transform of the initial one-particle density of the fermionic gas. To evaluate it in the limit of a large N , we can use LDA. By v(x) we will denote a potential that initially traps fermions and therefore implies initial orbitals φ n . The one-particle density of such a gas in Thomas-Fermi approximation reads n(
, where µ is a chemical potential. Therefore, the relative depth d p has an approximate dependence on N , d p ∼ µ(N )/N . In here we assume that initially the whole cloud lies within the box trap with the length of L -it is approxi-mately satisfied whenever classical turning points of potential v(x) for a particle of Fermi energy lie within the box. The N -dependence can be obtained through the normalization condition, N = L 0 dxñ(x) → µ(N ). It is helpful to note the connection of this dependence to the energy levels of the initial fermionic cloud. For a general potential v(x) we can approximate generated energy levels by the WKB quantization condition,
, where C is a constant depending on the boundary conditions in turning points. This equation has the exactly same form as the normalization condition, so it yields the same results -the dependence of the WKB energy spectrum on the quantum number n is identical to N -dependence of the chemical potential of the fermionic cloud.
We look for situations in which at least one of the moving contributions n p has a constant shape in space and preserves its depth with a growing number of atoms in the system. One of the necessary conditions to satisfy the latter is for d p ∼ µ(N )/N to be constant in the limit N → ∞. However, it does not mean that every such a initial wavepacket would behave as needed -it only guarantees that contribution from every orbital is of the same magnitude.
It also shows why initial harmonic confinement would not generate distinct solitonlike contributions -their depth would scale like 1/ √ N , making them disappear for large number of atoms. We will focus on the simplest system that at the beginning has a quadratic spectrum -ideal Fermi gas confined to a box trap. At first, atoms are trapped in a infinite well with the length of D, that is smaller than the box to which they are released, D < L. Both traps share one of the walls.
Firstly, we find the p-th relative depth for each orbital, d n p , by performing explicitly Fourier transform:
As we can see, for large N , each of these contributions is the same, meaning that absolute depth of the moving terms grows linearly with N . The relative depth is therefore
It is also interesting to note that we get the same result by inserting appropriate Thomas-Fermi profile into (4). Moreover, we also reproduce it by numerical evaluation of the exact expression (1), using exact overlaps between considered modes. Firstly, we will make sure that our candidate for a stable time evolution indeed preserves its shape during the evolution.. In Fig. 1(left, center) we compare density plots for one fermion and 5000 of them, but with additional perpendicular trapping. For one atom case, canals and ridges are clearly visible. In the second case, they are visible as well, however they have become much sharper -thinner and more pronounced. Each of the moving contributions is now a sharply peaked solitonlike structure that preserves its shape during evolution and is characterized by a constant velocity. In Fig. 1(right) we plot relative depths of such structures, both for right-and left-moving contributions.
Three-dimensional setup To explore experimental accessibility of fermionic quantum carpets, we now proceed to consider three-dimensional geometry. The trapping in x-axis remains unchanged as compared to 1D scenario, but in perpendicular directions we assume arbitrary confinement. In Supplemental Materials we find the approximate formula for a p-th contribution to the one-particle density integrated over perpendicular degrees of freedom in T = 0:
where k F is a Fermi wavevector of the gas in the initial confinement, and η is a parameter that is found numerically for each type of perpendicular trapping. This approximation works well close to x 0 , as far as |x − x 0 | ∼ π/ηk F , and it gives a very good estimation of the width of the structure, that is the same for each of contributions:
where w 0 ≈ 3.79. In case of 1D system, the approximation is almost exact, with η = 2, and k F = πN/D. Such a scaling means that the structures become extremely thin and operationally unreachable by standard imaging in the quasi-1D systems. However, full 3D system is much more promising -e.g. for the perpendicular trapping with the oscillator length of a ⊥ , Fermi wavevector reads 15πN D −1 a
−4 ⊥
1/5 , η ≈ 1.3 and the structures are characterized by the width of several microns in experimentally accessible systems. Moreover, we check what happens to considered solitonlike structures in the presence of nonzero temperature by taking the Fermi-Dirac distribution into account. It is easy to analytically show that their depth is unaffected, and we numerically confirm that they become thinner by up to 50% in T = 4T F . Existence of these structures even in high temperatures suggests that considered effect should be visible even for a gas that is governed by classical, Boltzmann distribution, but in the quantum system with a quantized spectrum.
Two-component repulsive Fermi gas We now proceed to consider a repulsive two-component Fermi gas. We stick to the simple description of the single determinant Hartree Fock Ansatz [49] for the wave function. However, as the gas has now two components, two according spin states are introduced. φ n (x) now denote not orbitals, but orthonormal spin-orbitals, and x comprise of both spatial and spin degrees of freedom. We assume that
FIG. 2.
Comparison between the spatiotemporal density evolution of 12 + 12 atoms initiated in a separated state for different values of contact interaction: g = 8 (top left), g = 16 (top right) g = 10000 (bottom). The solitonlike structures are characterized by a finite lifetime in the presence of the interaction, but with the onset of the Stoner (ferromagnetic) phase transition, they revive as a double quantum carpet with a preserved initial domain structure.
spin-dependent part of φ n (x) is twofold, and the same numbers of atoms occupy each spin state.
In this description, atoms in each spin state can be considered a noninteracting Fermi gas with the only interaction present being an interspecies one. We model this interaction by a repulsive contact potential, characterized by a nonnegative coupling constant g ≥ 0, related to the intercomponent s-wave scattering length by g = 4πa 2 /m. Such a description fits well into the usual scenarios realized in ultracold experiments and proved to provide a valid description in a three-dimensional setting [49] . The dynamics of such a system is provided by the means of time-dependent Hartree-Fock equations [54] . Kinetic energies for consecutive spin-orbitals of one of the species as a function of time for different values of interaction strength. After some critical time, the dynamical equilibrium is reached -there is no distinguished ordering of the orbitals as their kinetic energies fluctuate around a common average value. Time-averaged distribution of the kinetic energies proves to be Gaussian (see the histogram for g = 32 in the onset). The time needed to achieve equilibrium is of the same order as the lifetime of the solitonlike structures visible in the one-particle density of the gas.
We analyze situation in which two species are initially separated by a thin barrier in the middle of a box potential that traps both of them. Then, gas is released from within these initial walls to evolve freely in a larger box. For no interaction, two fermionic quantum carpets unfold symmetrically with an infinite lifetime and infinite full revivals. As the interaction is turned on, the lifetime of coherent evolution becomes finite and the solitonlike structures eventually disappear (see Fig. 2 ). The fade-out of the structures occurs when the system enters a dynamical equilibrium, as the kinetic energies of the spin-orbitals become roughly equal during the evolution in time (see Fig. 3 ). The stronger the repulsion is, the faster this equilibrium is reached, and for some critical value of g, coherent structures cease to appear at all. However, with the onset of ferromagnetic phase transition, in which initial domain structure is preserved due to the strong interaction between two fermionic clouds, the solitonlike structures are revived. As such, not only one quantum carpet is now visible, but two of themsymmetrically mirrored and occupying their respective halves of the trap. Such a structure is again coherent only for a finite time, but this coherence lasts the longer, the larger the interaction becomes.
To recapitulate, we have found previously unobserved phenomenon, closely connected to the quantum carpet spatiotemporal profile. In a large system consisting of ultracold fermions, very sharp, solitonlike structures appear for which we find analytical description of their velocities, depths, and widths. Furthermore, we analyze the effect of repulsive interaction between two spin species of Fermi gas on the presence of this phenomenon. Despite the decoherence of the solitonlike structures due to interactions and their disappearance for stronger repulsion, they become revived as a ferromagnetic phase transition takes place. As a future line of work, it is worth to further check whether a similar dynamical change from one box potential to another can create analogous structures or phase transitions in other ultracold systems.
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Supplemental Materials
Derivation of p-th contribution Let's focus on the p-th contribution coming from each orbital:
Firstly, we recall the Fourier transformf
and assuming that we will consider only real functions, we introduce sine and cosine transforms:
We can immediately see thatf
Let's evaluate overlaps between initial orbitals and box eigenmodes:
where
is meant to be truncated into the box with the width of L. Therefore, we can write
where denotes usual convolution that in our case takes form:
However, we consider only functions that vanish outside x ∈ [0, L], so the above expression can be simplified intô
We arrive at the compact form for the p-th relative depth for a given orbital:
We can therefore write the whole p-th relative depth as
where n(x, 0) is the initial one-particle density of the fermionic gas.
Derivation of widths of the structures
In three dimensions, atoms are trapped in a box in x-direction and in an arbitrary perpendicular confinement:
As such, orbitals are now characterized by three independent quantum numbers, n = (n x , n y , n z ). Analogously to 1D case, we consider single-particle density, but integrated over perpendicular degrees of freedom:
Expression (2) differs from its one-dimensional counterpart by changing n to n x inside a sum. Again, we introduce p-th contribution:
but this time we can use explicit expressions for overlaps, as we have been considering a box potential in x-axis:
One can explicitly check that multiplication of functions λ in (3) can be approximated by
and is centered around
As a next step, we stick to region close to the structure's peaks, working with variables describing distance from them,
. Then, we identify slowly varying parts of p-th contribution in this region:
Sum over k in (7) can be turned into an integral, that can be readily estimated:
Within these approximations, we are left with expression for p-th contribution to the single-particle density:
An expression
can be readily calculated in one dimension, where n x (n) = n, n max = N.
In this case, it is called Langrange formula and yields
cos 2nπ
where k F is the initial Fermi wavevector of the gas:
Therefore, p-th contribution can be invoked in form
However, a sum (10) cannot be explicitly calculated in three-dimensional case, but we find out that p-th contribution can be numerically approximated by
where η is a constant that depends on the character of perpendicular trapping. The approximation is reasonably accurate for x p up to
With this approximation of the shape, we can calculate widths of the half maximum for each solitonlike structure:
For different types of trappings, we have differents values of k F and η. For box trap with the length of D y in y-direction and box trap with the length of D z in z-direction:
For harmonic trap with the length of a y = mωy in y-direction and box trap with the length of D z in z-direction:
For harmonic trap with the length of a y = mωy in y-direction and harmonic trap with the length of a z = mωz in z-direction:
